monitoring, or for solely toxicological purposes. Because of the high capital cost of good quality instruments, the relatively small numbers of tests required and the variety of metals, it is more cost-effective if such testing is carried out in regional, national or other centres having the necessary experience. Nevertheless, patients are frequently cared for locally, and clinical biochemists playa crucial role in maintaining a high index of suspicion and liaising with clinical colleagues to ensure the provision of correct samples for analysis and timely advice.
EXPOSURE AND TOXICITY
Potentially, toxic exposure to heavy metals arises in diverse circumstances, including environmental, therapeutic and industrial, by accident, and by harmful intent. There is a spectrum of exposure patterns from chronic, low levels, such as occur among children exposed to lead paint in older houses, to acute, high-dose exposure, either intentionally or by accident. Accidental exposure may be small-scale, as in the case of a child who swallows a mercury battery, or large-scale, as with the contamination of a water supply with aluminium sulphate (alum) at Camelford. ' Appreciation of the toxicokinetics of individual metals is important for an understanding of the rationale of monitoring and treatment. Relevant concepts fall into two categories. Exposure is the amount of a particular physical or chemical agent that reaches the target;" biological monitoring (8M) of exposure concerns the level and form of the element in the environment and in the body. Effective 8M requires an accurate measure of the internal dose, which is the amount or concentration of a given chemical at the site of effect, and may refer to the overall body burden or to that in a particular compartment. Internal dose is usually assessed by some convenient and robust biochemical measurement which shows good correlation with the body burden, since in vivo measurement is seldom practicable. Total under surveillance 116 116 27 173 91 shows some of the factors which may influence exposure.
The second concept relates to the biological effects of exposure (BEM). Assessment of these presents more problems, since individuals may differ markedly in their responses to similar exposure. Both toxic and essential substances exhibit a continuum of effects over a range of concentration. Figure I uses lead and its adverse effects as an example of a toxic agent.' and zinc as an example of an essential substance which has adverse effects only at extremes of concentration. The critical organ is the first organ in which adverse effects, reversible or irreversible, occur under the particular circumstances, e.g., the kidney in chronic cadmium exposure; the critical effect is the first physiological or biochemical change which can be detected," e.g., altered haem synthesis in lead poisoning. Both may vary according to the nature and route of exposure to the metals and are of particular relevance when selecting suitable procedures for monitoring biological effects.
We have included aspects of occupational monitoring in this review since poisoning from industrial causes may need hospital treatment. In the UK, employees exposed to lead at work must be monitored according to the Control of Lead at Work Regulations (Code of Practice 1985, updated 1998).7.8 This is normally the responsibility of Employment Medical Advisers (EM As) or company Appointed Doctors (ADs), who are empowered to suspend an employee without loss of pay, institute remedial action and check on other employees who may be affected. General practitioners do not have all these powers, but may be consulted by employees, self-employed persons and those who have left such work or have performed it outside the UK.
MECHANISMS OF TOXICITY
Metals have been recognized as powerful toxins for many years. This has been reflected in their wide clinical applications, for example as antibacterial agents (mercury, bismuth, lead), antihelminthics (thallium) and diuretics (organic mercurials). Man-made drugs are designed to have specific actions with minimal other effects, but in contrast, metals, although in some cases have specific actions, generally exert widespread effects throughout the organism." Some of these are indicated in Fig. 2 . Metals with small atomic radii often have important cellular functions which depend on the formation of their preferred co-ordination complexes with oxygen or nitrogen ligands of comparable size; for example, to control the quaternary arrangement in structural or catalytic domains of proteins (e.g., zinc and copper in superoxide dismutase), and in the transport of amino acids with sodium and of electrons by iron and copper in cytochrome c oxidase. Light toxic metals (e.g., lithium and aluminium) may compete with or replace the metals they resemble. Heavier metals are less likely to be important physiologically. They have larger atomic radii, are more easily polarized and tend to form stable co-ordination complexes with equally large, polarizable, sulphydryl ligands. Toxic metals exert their effects by virtue of these co-ordination properties and their distribution through the body compartments. In addition, they may share certain physical or chemical properties with physiological elements near them in the periodic table. In acute poisoning, large excesses of metal ions can cause disruption of membrane and mitochondrial function with the generation of free radicals. Consequently, generalized clinical effects, including weakness and malaise, feature in most cases. However, despite the potential for metals to disrupt metabolic processes, the body has a considerable armoury of defence.
EXTERNAL DEFENCES
The epidermis usually forms an effective barrier against metals in the environment, although some topical creams may reduce its efficiency. A few metals are able to reach deeper layers. For example, chromium and nickel can cause dermatitis, and the fumes of certain metals, e.g., chromium(VI), ean lead to severe ulceration of the nasal septum. Absorption of ingested metals from the gut is generally low; adults absorb no more than about 10% of ingested lead and rather less of aluminium. Children, especially the very young, probably absorb consider-Ann Clin Biochem 1999: 36 ably more lead.!" The absorption of toxic metals can often be reduced by ensuring adequate dietary intakes of essential elements, hecause either there are dietary interactions or common uptake mechanisms which are stimulated by deficiency. With mercury as mercuric ion (Hg2+), intestinal absorption is ahout 10%, but as elemental mercury (Hg II ) it is negligible. In the lungs however, more than 80% of elemental mercury inhaled as vapour is absorbed. When metal-hearing dust particles are inhaled, the amount of metal absorhed is generally inversely proportional to the particle size.
SEQUESTRAnON
In the body, toxic metals equilihrate with tissue and metabolic proteins, first in the vascular space and then in other compartments. Lead, aluminium, strontium and other metals may accumulate in bone to form a pool having a slow turnover rate and a long half-life, so reducing the immediate exposure of other tissues. This is a particular problem when they are also radioactive, e.g., americium. The accumulation may also have implications in situations with increased bone turnover or loss of hone, such as post-menopausally, in pregnancy, in renal failure or during treatment with cis-platinum.":" Toxic metals which fail to cross the basolateral membrane of the intestinal mucosal cells are eliminated when these are shed. For this reason, copper toxicity in Wilson's disease can he treated with high doses of zinc. The zinc induces synthesis of metallothionein (see next section) which binds copper in the cells and prevents its ahsorption. Other metals may he sequestered in the skin, c.g., silver in argyria.
Protein complex formation
Metallothionein Metallothionein (MT) is a low molecular weight (6-7000Da) intracellular protein with ahout 30% sulphur-containing amino acids. which is found in most phyla and has a highly conserved structure. Some 30% of its amino acids are sulphur-containing and high concentrations arc found in liver, kidney, intestine and pancreas. MT is known to he important in the regulation of copper and zinc metabolism and in the detoxification of heavy metals. particularly cadmium. However, the fundamental role of MT is still not understood, despite extensive use of its promoter gene and transcription control mechanisms as tools in molecular hiology. Its MT has alpha (C-terminal) and beta (Nterminal) domains and can bind at least 18 different elements. Up to 7 atoms of most metals (e.g., zinc, cadmium) can usually be bound (4 alpha, 3 beta) but up to 12 atoms of a few metals, e.g., copper, can be bound. Synthesis of MT is induced by many substances, including zinc, cadmium, copper, mercury, gold, bismuth and some non-metallic compounds (although often at non-physiological concentrations), but intracellular zinc must be available for this to occur. Synthesis is regulated by interactions with glucocortieoids and a multiplicity of inflammatory mediators. An increase in MT is one of the earliest cellular events in the acute phase response and may be a means of increasing zinc availability for protein synthesis.
In hepatocytes, MT is metabolized in lysosomal or non-lysosomal compartments, according to the metal bound; its half-life in liver also depends on the metal bound, being about 80 h for cadmium-MT and 20 h for zinc-MT. Plasma MT concentration rises in response to cadmium or copper toxicity and in the acute phase response. It falls in zinc deficiency. Induction of MT by pretreatment with zinc has been shown to reduce the toxicity of many clements in animals and of cadmium in humans.
Nuclear inclusion bodies
Lead, bismuth and mercury all give rise to characteristic eosinophilic nuclear inclusion bodies in renal tubular cells. These are insoluble protein complexes and form soon after the commencement of exposure. They can sometimes be detected in urine, but it is not clear whether this is due to an active excretory process, or passive shedding of tubular cells.!" Haemosiderin formation represents a similar mechanism for sequestering excess iron. the breath a characteristic garlic odour, a biological effect which individuals can monitor for themselves.) Methylation of mercury, lead and tin produces metabolites which are more toxic. Tetramethyl derivatives of lead and tin are dealkylated in the hepatic microsomal cytochrome P450-mediated monoxygenase pathway." Elemental mercury is oxidized to mercuric ions via the catalase-mediated hydrogen peroxide pathway.
BIOTRANSFORMATION

THERAPEUTIC APPROACHES TO METAL POISONING
Dialysis, haemofiltration and plasma exchange have all been used in attempts to reduce circulating levels of metal in acute poisoning, sometimes in conjunction with chelating agents. However, once the metal has become distributed through extravascular compartments, so much is bound in tissues that removal of the metal from blood has a negligible effect. Thus, benefit is only achieved if these techniques are tried early, although they may become necessary to manage renal failure arising as a consequence of the poisoning.
Although there arc specific antidotes to certain metals, c.g., Prussian blue for thallium, treatment is generally by the use of chelating agents. These were first developed in World War Two, when British Anti-Lewisite (BAL, dimcrcaptopropanol) was introduced for usc against mustard gas. Later, this compound was used for the removal of copper in Wilson's disease. until the introduction of oral penicillamine. Not all chelating agents are suitable for therapeutic usc. and Table 3 indicates the criteria required.
Dirnercaptosuccinic acid (DMSA. Succimcr) and dimercapto-I-sulphonate (DMPS. Unithiol) are examples of new agents which arc effective at chelating lead and mercury and have the advantage that they can be given orally. They belong to a family of compounds derived from BAL. but are less unpleasant." In the USA, DMSA is now approved for chelation therapy in children, and in the UK both agents are available on a named-patient basis from the Medical Toxicology Unit, Guy's and St Thomas's Hospitals NHS Trust (London). Few adverse effects have been noted so far. but these agents have not been in use long and prospective trials are awaited."
With most chelation therapy it is essential that the agent is not administered while external sources of exposure (including any in the bile intestines) remain, otherwise uptake may be dramatically enhanced. IS Iron is an exception to this important caveat, a~any present in the intestine becomes effectively unavailable because the chelating agent desfcrrioxaminc, a bacterial siderophore, binds so strongly to iron when given parenterally. Blood concentrations of metals frequently rise further during chelation therapy, since most analytical techniques measure the total amount, including the chelate.
Once the chelate has been excreted, blood concentrations fall below pretreatment values, but may subsequently rebound as the vascular space is replenished from other body compartments. Careful monitoring of this rebound is essential to ascertain whether further chelation may be necessary.
CADMIUM
Cadmium has an atomic mass of 112. It is one of the commonest environmental metal poisons, largely because of human activities, particularly zinc, lead and copper (which occur in mixed ores with cadmium) smelting, although areas of high natural cadmium content do exist. In addition, cadmium is used in welding and brazing, in alloys and in the manufacture of batteries, while its compounds are widely employed as pigments and stabilizers in the paint, plastics and print industries. Cadmium usage has increased during the last 50 years and has resulted in contamination of more areas of land. Human health
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problems due to cadmium have been identified in five of thirteen such areas in Japan and increased prevalence of tubular proteinuria associated with environmental cadmium pollution has been reported in parts of China 19 and Belgiurrr" but not in all such areas." Air and water cadmium concentrations in unpolluted areas arc low and normal dietary intake is less than 267 nrnol (30 /l-g)/24 h, of which adults absorb 2-8%. The amount absorbed varies inversely with the plasma ferritin concentration. Inhaled cadmium is more efficiently absorbed and twenty cigarettes may contribute 18-36 nmol cadmium (2-4 pg). 22 The main concerns with cadmium are therefore chronic exposure in populations and prevention of accumulated renal burdens from exceeding a critical concentration. Much knowledge has been gained from studies among populations exposed to cadmium either occupationally or through living in polluted environments. However, acute poisoning from inhalation of fumes or ingestion of cadmium salts can occur and at least one death from self-poisoning with cadmium chloride has been reported."
Toxicokinetics
After absorption, cadmium is transported in the blood bound to albumin. It is taken up by the liver, where it induces synthesis of MT, to which it binds. Subsequently, cadmium-MT is released into the circulation, filtered by the kidneys and reabsorbed by endocytosis into the cells of the proximal tubules, which are the critical organs. The complex is degraded in the lysosornes and cadmium atoms are freed, either to recombine with MT synthesized locally or to initiate toxic processes. Cadmium thus accumulates in renal tubular cells, with a half life of 17-30 years," until their synthetic capacity for MT is exceeded. This occurs at a critical concentration in renal cortex of about 1600 nmol (180 /l-g) cadmium/g. Cadmium then binds to other ligands, irreversible renal damage ensues, renal cadmium declines and its urinary excretion rises sharply. There is characteristic, but mild, low-molecularweight renal tubular proteinuria, progressing to hypcrcalciuria, glucosuria, phosphaturia and amino aciduria. The hypercalciuria is an early finding and calcium excretion is correlated with urinary cadmium; whether this effect is primary or secondary to the tubular damage remains unresolved.i" Effects of cadmium on the synthesis of procollagen by human lung fibroblasts in vitro have also been reported, consistent with the idea that slowing of repair processes in lungs leads to connective tissue damage, a possible role for cadmium in the lung disease of smokers and occupationally exposed persons." There is some evidence that the tubular proteins currently used for monitoring occupational cadmium exposure may reflect irreversible damage to the tubules." In an effort to develop and validate earlier markers for nephrotoxic effects, a collaborative European project has studied changes in urinary and serum constituents following industrial exposure to lead, mercury and cadrnium.i" For cadmium, the threshold concentration (defined as the level at which 10% of individuals will show the change) varied considerably for the different markers listed in Table 4 . 28 The authors postulated that these thresholds reflect a progression from (a) tubular cell alterations with minor biochemical changes only, followed by (b) a reduction in negative charge at the glomerular basement membrane leading to increased permeability, with raised excretion of high-molecular-weight proteins in some individuals, followed by (c) continuing tubular cytotoxicity progressing to actual tubular damage with increased excretion of low-molecular-weight markers, e.g., beta-2microglobulin (beta-2-M) and retinol-binding protein (RBP). The health significance of these observations remains to be established and confirmed in other exposed workers, but may be important in future monitoring programmes. Similar changes in excretion of marker proteins in environmental exposure cannot be assumed, since the route of exposure is more exclusively oral. However, increased excretion of calcium beta-N-acetylglucosaminidase, RBP and beta-2-M were found at urinary cadmium thresholds of 2 nrnol/mrnol creatinine in one large study.i?
Clinical manifestations
Welders or cutters who accidentally inhale cadmium fumes develop a 'fume fever', a pneumonitis with cough, dyspnoea and also myalgia, which may progress after 24-48 h to potentially fatal pulmonary oedema. Lower acute exposure may produce reversible effects, but sometimes leads to massive progressive lung fibrosis. Chronic inhalation leads to obstructive airways disease and emphysema."
In Japan, cases of Itai-Itai (meaning 'Ouchl-Ouch!') disease were identified between 1940 and 1975 among populations living in cadmiumpolluted areas. In this condition there is proximal tubular damage, a mild anaemia and a severe loss of bone mineral which results in painful fractures. Multiparous and postmenopausal women are subject to particularly severe effects. However, in other countries with areas of comparable pollution, populations do not exhibit such severe symptoms." This may relate to other dietary influences. Disturbances of calcium metabolism have been noted among cadmium workers, variously leading to osteomalacia, osteoporosis and nephrocalcinosis, and this is more likely to occur in highly exposed subjects, and in those who have low dietary calcium and vitamin D intakes.
In some studies, cadmium exposure has been linked with increased mortality from cancers of the prostate and lungs. 32 • 33 Although longerterm follow-up of the original groups has cast doubt over the link with prostatic cancer, the link with lung cancer persists in at least two studies. 34 . 35 However, this could be due to the difficulty of excluding effects from associated elements known to be carcinogenic, e.g., arsenic or nickel." The unpredictable nature of any such risk would imply that dose-response monitoring was irrelevant and that only minimum exposure would be acceptable. In some early studies an association between hypertension and cadmium exposure was suggested, but this has not been confirmed in later studies.Vr"
Laboratory investigations Assessment of exposure and internal dose
In the blood 90% of cadmium is bound to erythrocytes and has a half life of 70-120 days. The blood concentration depends on both current exposure and body burden and is generally a better guide to the former than is urine cadmium, unless the body burden is high. Blood calcium increases during the first 4 months of exposure." Urinary cadmium excretion is low in non-occupationally exposed persons of both sexes and rises slowly until 55 years of age and then declines slightly. Both blood and urine concentrations are higher in smokers." Urinary cadmium excretion is positively correlated with cumulative exposure and with renal and hepatic concentrations, except when: (a) exposure is so great that all cadmium binding sites are used; (b) the critical concentration is exceeded; or (c) cadmium-induced renal tubular damage has occurred. Both whole blood and urine concentrations are therefore necessary for the assessment and monitoring of chronic cadmium exposure. The low values and the small increases that occur with time make cadmium assay particularly demanding. Nevertheless, within-laboratory relative SDs (CVs) better than 10% at concentrations in the unexposed ranges and better than 4% near occupational limits can be achieved in experienced hands.
The measurement of urinary MT offers little advantage over measurement of urine cadmium. In hair samples, cadmium measurement is subject to errors from contamination, while faecal cadmium is only an approximate guide to intake. Studies of hepatic and renal cadmium concentrations in vivo using direct neutron activation or X-ray fluorescence techniques have confirmed conclusions based on epidemiological, occupational and post-mortem work, but are too expensive and difficult for wide application.t'<"
Assessing the effects of exposure Urinary beta-2-M was the first biological effect marker for cadmium to be widely used, but it is increased in other conditions and degraded in bladder urine with a pH of below 6·0. Urinary RBP and alpha-l-microglobulin (alpha-l-M) also increase in response to renal tubular damage and are now often preferred because of their greater stability." Increases in beta-2-M
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and RBP are considered by some to reflect irreversible renal effects, which may progress following cessation of exposure," and new earlier markers, as discussed above, may replace them. Meanwhile, other workers consider a combination of high-and low-molecular-weight markers to be more effective than a single marker. Schaller et al, recommend albumin or transferrin as the high-molecular-weight marker, together with RBP or alpha-I-M," while lung et al. and Mueller found alpha-J-M combined with the lysosomal enzyme beta-NAG exceeded reference limits in 30% of an environmentally exposed group and 39% of workers at a cadmium battery plant. 45 .46 Renal proteinuria from causes other than cadmium exposure, such as pregnancy, is not accompanied by an increase in urinary cadmium." Current UK guidelines for occupational monitoring of cadmium exposure and its effects are shown in Table 5 . 4H
Treatment
There arc no specific methods which eliminate cadmium effectively and therapy is entirely supportive. This is why emphasis is on prevention of accumulation over long periods. New chelating agents are being developed which may be capable of reducing cadmium burden."
LEAD
Lead has been used in industrial and domestic applications for hundreds of years. Its toxicity has been recognized for almost as long: Dioscorides in 200 Be wrote that 'lead makes the mind give way' and Benjamin Franklin described the 'dry gripes' (colic) and 'dangles' (wrist drop).50.51 Lead presents one of the greatest challenges of modern times to those responsible for public health and industrial hygiene. Analytical epidemiological studies suggest that some degree of exposure is almost universal.F Lead, its metabolism and its effects have been more extensively reviewed than any other metal. 53 5 Since the 19th century Factory Acts, progressive legislation has resulted in stringent control of industrial hygiene and reduced the dangers of large-scale use of lead to a few cases each year in the UK (see Table I ). However, sporadic cases may be increasing. The sub-contracting of demolition work may lead to poor continuity of monitoring, and workers from small companies or those who are self-employed may risk acute exposure on top of a pre-existtng body burden. People working in Continental Europe for short periods have presented on their return with manifestations of lead poisoning (Supraregional Assay and Advisory Service Trace Element Directors, personal communication). Episodes of poisoning from occasional causes such as imperfectly glazed ceramics,56 the use of medicines (which may contain as much as 60% lead 57) available from Asian 'healers', and cosmetic preparations, may affect any age group, and cases may present as acute emergencies. The average daily intake has fallen with replacement of lead for soldering tins and for domestic water pipes. The use of lead in paint, though restricted in the UK, still presents serious problems when older buildings are redecorated, and the occasional child with pica may still present as an emergency with acute lead poisoning from ingested paint. During the last decade the risk of exposure to low levels of inorganic lead affecting the behaviour and intelligence of children has been a major issue. In 1979 Needleman and co-workers published a study of dentine lead in children from the general population.l" Groups with high and low dentine lead were compared in neuropsychological tests and differences of about 4 IQ points were found. Some of these Ann CUll Biochem 1999: 36 differences persisted in follow-up studies after 5 and 11 years.t" However, blood lead measurements in small subgroups of children from both groups during the first study [mean concentrations of 1'71/lmol/L (35·5/lg/dL) and 1·15/lmol/ L (23·8/lg/dL) in children with high and low dentine lead, respectively] suggest that they may all have suffered some exposure to lead. Dentine lead measurement has been shown not to be particularly reproducible.r" Nevertheless. other groups in the USA, Australia and Europe have reported similar relationships between blood lead concentrations and performance in intelligence and attainment tests." 6) Not all of the results achieved significance and if they did, it often disappeared when they were adjusted for socioeconomic variables. In Edinburgh, 501 children aged between 6 and 9 years were studied; the geometric mean blood lead was O'50 /lmol/L (10-4/lg/dL). Blood lead concentrations correlated with performance in a range of ability and attainment tests, although the effects were small compared with those of other factors. The association remained after controlling for 33 confounding variables and was strongest for the younger children.f Pocock et al. 65 recently conducted a systematic review of 21 crosssectional and prospective surveys which included more than 100 children and concluded that 
Toxieokinetics
In the body, about S% of lead forms an exchangeable pool distributed between the soft tissues and blood. The remaining 95% is sequestered in the bone, as insoluble phosphates with a half life of 2G--30 years. There is some evidence that with prolonged exposure, less lead enters bone and more binds to proteins, possibly MTs, that have been demonstrated in the erythrocytes of persons exposed to lead. Such binding tends to increase the half-life of lead in the blood.7 3 About 93% of lead entering the blood is bound rapidly to erythrocyte membranes and haemoglobin with a half-life of about reduction to 0·7 pmol/L (l5/lg/dL) by 1998 and then to O'5 pmol/L (10 /lg/dL). Despite the decline in blood concentrations noted above, it has been estimated that an appreciable number of children under 5 years of age in the UK may have blood lead concentrations above the new target lirnit.F Analysis of the results of blood lead measurements in children referred to four UK Supraregional Assay and Advisory Service (SAAS) Trace Element laboratories between 1992 and 1997 show values above this limit in about I in 8 children ( Fig. 4 ) (SA AS Directors, personal communication), with a slightly higher incidence of raised values in the younger age groups.
doubling of the body burden [blood lead from 0·5 to I·Opmol/L (10 -20pg/dL), dentine lead from 24 to 48 nrnol/g (5-10 t1g/g)] is associated with a deficit of I 2 points on the IQ scale. However, they acknowledged that a non-causal explanation for the association remained possible. In the USA, the scientific methods employed by Needleman for the original studies were criticized to the Office of Scientific Integrity.
The resulting public investigation was inconelusive." Nevertheless, it is difficult to ignore the trends noted in most studies. The debate culminated in J991, when the US Centers for Disease Control published proposals to reduce the acceptable limit for blood lead, requiring each state in the Union to establish programmes of monitoring and abatement to ensure that no child between 0 and 6 years of age will be exposed to lead sufficient to raise the concentration in blood above 10/lg/dL (0' 5 /lmol/L). 67 Since then several surveys conducted in different areas of the USA have expressed concern about the number of children who may now be classified as 'lead poisoned' .6X
Two European Community-wide surveys of blood lead cond ucted between 1979 and 1981 recommended that 50% of the population should have values below I'O/lmol/L (20/lg/ dl.), not more than 10% should be above 1·5 pmol/L (30 pg/dL) and fewer than 2% should exceed 1'7,1mol/L (35/lg/dL). During the second campaign 3500 blood samples from adults and children at risk of undue exposure were surveyed; in only 3 out of 35 population groups were these criteria exceeded.P? Evidence is emerging that concentrations of lead in blood have fallen further as use of unleaded petrol has increased (Delves HT, personal communication). Figure 3 shows the decline in the 95th centile for blood lead concentrations in environmental surveys in the UK since 1985, when the availability of lead-free petrol was increased, with a consequent reduction in lead emissions from 7500 to 3000 tonnes per annum." The action limit recommended by the Department of Health for the UK remained at lZl urnol/L (25/lg/dL) and in France at 0·7/lmol/L (l5'1g/ dL) until Ministers for the Environment met in Miami for the G8 summit in May 1997. At this meeting, Ministers called for further actions that will result in reducing blood lead levels in children to below 0'5mmol/L (I0/lg/dL) and confirmed the Commission's proposal to ban the marketing of leaded petrol in the EC from January 2000. 7 1 Australia had plans for staged An" CUn Biochem 1999: 36
27X
HI//IIIl'ill 1/1It! .\11/1"",//(/1/ 100 80 a.
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Some recent work ha-, challenged the a ....urnption that lead inhibits Icrrochclatusc and coproporphyrinogcn oxidase directly. Studic in lymphocytes have shown no 10.... of al'ti\ity for either enzyme in the presence of lead. -, and ill vitro fcrrochclatasc can usc zinc or cobalt a, alternative, to iron. In inherited dcticicnc, of Icrrochclatusc (protoporphyria ) only tree protoporphyrin, not ZPP. is formed. Therefore, lead may act hy inhihiting acti,ity of the ferrireductase which reduces iron to the ferrous ion, thus limiting its supply to ferrochclatasc so that ZPP formation is preferred;" The overall decrease in haem production feeds back to stimulate the whole pathway with further increases in production of ZPP and intermediates and their urinary metabolites, principally aminolaevulinic acid and coproporphyrin. A microcytic hypochromic anaemia develops due to the effects of lead on globin synthesis, erythrocyte survival and haem oxygenase. The blood film appears similar to that seen in iron deficiency and reticulocytosis may also be present. Inhibition by lead of another erythrocyte enzyme, pyrimidine-S'-nucleotidase (EC 3.2.2.10), leaves clumps of RNA in the erythrocytes. These appear as basophilic stippling on blood films, which also occurs in inherited deficiency of the enzyme. This stippling is often the first sign to suggest the diagnosis. In a patient who presented with severe abdominal colic, it was this observation which indicated the real problem and halted consideration of a laparotomy."? Figure I demonstrates the overall sequence of effects of lead in relation to the typical blood lead concentrations at which they occur. The latter arc somewhat lower for children than for adults, but individual variation is high." For inorganic lead, there is now sufficient evidence that the central nervous system should be regarded as the 'critical organ' and the 'critical effects' arc those on intelligence and cognitive function, which cannot be so conveniently identified in individuals as can the products from the haem pathway. The mechanisms of neurotoxicity remain obscure, but may include: (a) alteration in the permeability of endothelia, leading to cerebral oedema; (b) impaired sialylation of adhesion molecules affecting synapse formation; and (c) indirect effects due to the haem pathway metabolite aminolaevulinic acid on gamma-amino butyric acid function.P As exposure continues, the next organ to be affected is the kidney. Generalized tubular dysfunction results in amino aciduria (particularly glycinuria), phosphaturia and glycosuria. Lead-induced changes in haernopoictic and renal tubular function are not usually permanent unless the insult is continual or repeated. In the long term this may result in irreversible chronic interstitial nephropathy with a raised urate 'saturnine nephropathy'. A recent study of lead workers examined changes in a range of urinary constituents." The authors reported In contrast to inorganic lead, organic lead is lipophilic and primarily affects the central nervous system. It does not bind to erythrocytes, so the blood lead concentration is not increased except by the small amount of inorganic lead formed by dealkylation.
Clinical manifestations
The classic presentation, with cerebral oedema leading to encephalopathy with high mortality or residual damage, used to be seen frequently in children from some urban environments, particularly during summertime.f'' This is now rare in developed countries. Peripheral and autonomic neuropathies continue to occur. The former is uncommon in children, but weakness, paraesthesiae and wrist drop (painter's palsy) occur in severely poisoned adults, HI while reduced motor nerve conduction velocities are found at lower blood lead concentrations. Autonomic neuropathy results in abdominal colic and pain, sometimes with diarrhoea and vomiting, sometimes with constipation. Abdominal symptoms, together with marked general weakness, fatigue and malaise arc the most common presenting symptoms. Upper abdominal pain is said to indicate more acute exposure, while lower abdominal symptoms may suggest a more chronic exposure." Children frequently present with peculiar eating habits (pica), often exacerbated by iron deficiency; the possibility of lead poisoning should be investigated in all such cases and probably considered in all children with iron deficiency or learning dil1ieulties. Radiography of the hands and feet may show lead lines at the epiphyses which suggest longstanding exposure. Rarely, in both adults and children, a blue line around the gums may be apparent.
Exposure to organic (usually tetramethyl or tetraethyl) lead is rare, thanks to stringent regulation, but can occur following petrol sniffing, although symptoms of hydrocarbon toxicity usually predominate. Poisoning results in a predominantly neurological picture, with symptoms such as vomiting, weakness, fatigue, anorexia, confusion and convulsions.
Laboratory investigation Assessment of exposure and infernal doses
The 'gold standard' for estimating the internal dose of lead has been measurement of its excretion after the administration of Ig of calcium ethylenediaminetetra-acetic acid (EDTA) (as an i.v. infusion or i.m. injection). Excretion during the next 24 h of more than 3·9/lmol (800/lg) lead in adults, or 2'9-3-4/lmol (600-700/lg) in children, indicates a raised body burden. Unfortunately, a number of protocols have been employed, for which the cut-off points vary. In the USA this test has been recommended for deciding whether or not to treat children with borderline blood lead concentrations. However, some experiments in animals have suggested that even a single dose of chelating agents may result in redistribution of some lead from bone to soft tissues, including the brain.P This has prompted a consideration of alternative tests as well as a plea for more resources for abatement programmes to reduce lead exposure.P In the UK this test is not widely used, but may occasionally be of assistance, e.g., when there is suspicion of multiple episodes, or of past exposure, as in children with pica."
Blood lead
and analytical performance standards The concentration of lead in blood shows good correlation with the EDTA excretion during periods of exposure to inorganic lead and it is now regarded as the measurement of choice for investigating environmental, acute or occupational exposure in the UK. Following cessation of exposure, the relationship is less exact, but if the body burden is high, blood lead may remain elevated for years, reflecting 'internal exposure' from the bone compartment.
In the past, the analysis of blood lead was time-consuming and difficult. Blood samples were often collected using fingerprick techniques or venesection in dusty workplaces and the incidence of contamination was notorious. Today, industrial hygiene is better and venesection simpler, so contamination is less frequent. Nevertheless, elevated concentrations should always be confirmed in a further sample (urgently if necessary). Contamination from other sources can also occur. In 1991, large batches of rubber cap liners used by several manufacturers of blood sample tubes were found to be contaminated.Pv"
Since the 1970s a dramatic improvement in the performance of blood lead analysis has been brought about by three major develop-Ann cu« Biochem 1999: 36 ments: (a) the advent of graphite furnace atomic absorption techniques; (b) the establishment of various national and international external quality assessment programmes;H7.XH and (c) characterization of stable reference materials suitable for use in internal control procedures by the Supraregional Assay and Advisory Service Trace Element laboratories." Reductions in acceptable concentrations for lead, requirements for longitudinal stability in occupational and environmental monitoring and the interlaboratory accuracy necessary for large surveys, contribute to the need for performance to be specified and for stringent control protocols." For example, during the second European Community environmental survey of blood lead concentrations, 10% of all blood samples were exchanged between pairs of laboratories and a further ID% were re-analysed in a central laboratory. The differences between the paired estimates had to match certain criteria. i.e., 80% of differences less than 0'2llmoljL (4IlgjdL). The UK laboratories, analysing 716 blood samples containing 0·2-3·0 /lmoljL (4-60 IlgjdL) lead achieved over 95'Yu of differences less than 0'2'lmoljL (4IlgjdL).6'J Minimum standards in external quality assessment have been enforced for some time among UK laboratories undertaking occupational monitoring. A new portable instrument for analysing lead is currently being evaluated in the USA.
Urinary lead Measurement of lead in urine is appropriate when exposure to organic, e.g., tetraethyl, lead is suspected. For persons occupationally exposed to organic lead, the frequency of monitoring is governed by the expected concentration (Table 6 ) and the Employment Medical Adviser." Urinary lead concentration can also be used for monitoring chelation therapy.
Faecal lead Measurement of faecal lead is occasionally useful to confirm the suspected route of exposure, e.g., in the occasional case of factitious lead poisoning.?"
Hair lead The analysis of hair for trace and toxic elements was well reviewed by Taylor in 1986. Y' He concluded that variation in factors affecting concentrations (sex, age, colour, cosmetic, hair site, hair length, sample preparation) varied so much that valid use had been demonstrated only for certain toxic metals in particular situations. For lead, hair analysis does [Blood' lead J1mol/L (flg/dL)] 1·4 (30) 2-4 (50) 2·9 (60) [Urine" lead nmolrmmol/L (J1g/g) creatinine] 12 (25) 53 (110) '2 rnls cthylcncdiaminetctra-acctic acid (EDTA) hlood is preferred. t20 mL urine in sterile universal container. not show good correlation with blood lead concentrations, but has been applied to cases of gross poisoning and in environmental surveys when aerial lead contamination is relevant.
Isotope ratios Naturally occurring lead comprises four stable isotopes: 204Pb, 20fiPb, 207Pb, 20Kpb. Their proportions depend on the age of the lead and its geological origin. Isotopes can be determined using inductively coupled plasma atomic absorption with mass spectrometry. By comparing the abundance ratios of the lead isotopes in biological samples with those in potentially toxic environmental or other material, the source of lead exposure can be confirmed. g
:' · Y3
Assessing the effects of exposure Zinc protoporphyrin (ZPP) ZPP is not affected by lead contamination and is readily measured in haematofluorimeters, which are convenient and portable. It has been used to screen children for lead poisoning, particularly where prevalence was great and exposure high?" and is still important in such areas where resources are limited. However, several studies have shown that when blood lead concentrations are below 2 J1mol/L (40 J1g/dL) many children have a normal ZPP and would not be detectedY-" The reason is that ZPP starts to rise exponentially only at blood lead concentrations above 1·5 J1mol/L (30 J1g/dL) (for adults) or 1·2 J1mol/L (25 J1g/dL) (for children), i.e., at blood lead concentrations now considered high in the UK. ZPP does have a role in the evaluation of the effects of lead, to ascertain whether exposure is acute, fluctuating or chronic since, in the absence of iron deficiency, ZPP represents the average lead exposure during the lifespan of the erythrocytes.
Porphobilinogen synthase Inhibition of this enzyme in the cytosol of erythrocytes is the first measurable response to lead exposure (Fig. I) . It has been used in monitoring the effects of occupational exposure in some European countries. Theoretically, it should be relevant at the new limits for blood lead concentration in the USA. Quantifying this inhibition by measuring reactivation of the enzyme with zinc or dithiothreitol is difficult."? the enzyme is not stable and in children total activity is low.
Other tests Inspection of Fig. I makes it clear that as the acceptable limits for exposure from environmental or occupational sources have been reduced, most measurable biological effects are now insufficiently sensitive to be of use. Urinary ALA and coproporphyrin both rise exponentially as blood lead concentration increases and, although much used in the past, are now appropriate only at higher occupational exposures. Abnormalities of renal tubular function may be demonstrable, with increased excretion of amino acids (particularly glycine), phosphate and glucose. Plain radiographs of the abdomen are important in revealing the presence of ingested or other lead, e.g., from paint, toys or gunshots. Careful neurological investigation is required, although the subtle deficits at low exposure cannot be detected in individuals.
Responding to a raised blood lead
The finding of a raised blood lead concentration should prompt a request for confirmation, the urgency depending on the level. Tn asymptomatic patients chelation therapy is generally not considered unless the blood lead is above 3·0,umol/L (60,lg/dL) in adults. In children, heightened appreciation of the risks and generally falling blood lead concentrations means that chelation therapy may now be considered at concentrations above 1·2/1mol/L (25,ug/dL) if there is no response to removal from the source. Whenever exposure is indicated, vigorous attempts must be made to identify and eliminate the source. For lcadworkers, the frequency of biological monitoring depends on the blood lead AI/n Clin Biochem 1999: 36 concentration and type of exposure according to the Code of Practice for the Control of Lead at Work and it is the responsibility of the company Appointed Doctor to ensure suitable monitoring and to take appropriate action if the suspension level is breached. New lower limits have taken effect from April 1998 ( Table 6 ). In these, the monitoring of women of reproductive capacity and young people are considered separately for the first time and there are action limits and suspension limits. These limits are defined in pg/ dL and arc the reason why some blood lead measurements in the UK are reported in these units as well as in ,ug/L or ,umol/L. Particular care must therefore be taken to interpret blood lead results and ranges correctly (see Appendix I for conversion factors) especially when a result may be communicated through several laboratory systems.
Treatment
If the blood lead concentration is not greatly raised and the patient is well, elimination of the source of lead and ensuring adequate dietary calcium, iron and zinc, together with a low fat intake, may be all that is required. Should the blood lead concentration remain elevated, treatment with oral agents may be necessary; the newer dimercaptosuccinic acid (DMSA, Suceimer, McNeil Consumer Products Co, Fort Washington, PA, USA) is more effective than penicillamine. For acutely ill patients, intravenous EDTA (Lcdclair, Sinclair Pharmaceuticals Ltd, Godalrning, Surrey, UK) can be used (as the calcium salt to prevent the severe consequences of excessive calcium loss). Much zinc as well as lead can be lost during treatment.
Case history I: lead poisoning Presentation
A child aged 7 years presented to her GP in 1991 with anaemia. Her haemoglobin was 41 gil and she was referred to a paediatrician. She was pale and small, but not unwell. She was fussy with food, preferring only milk and was said to eat plaster off the walls. Seven other children, older and younger, were well. Her blood lead was 2·0 pmol/L (41 pg/dL); zinc protoporphyrin was 197,ug/g haemoglobin (upper reference limit 2pg/g). One week later, the blood lead had risen to 3'3Ilmol/L (68 pg/dL). An abdominal radiograph showed opaque material in her stomach, presumed to be plaster. There was no evidence of renal tubular involvement nor of lead lines in her bones.
Management
The rising blood lead concentration at week 2 prompted admission to hospital, to remove her from the source. Further increase in the blood lead could have incurred the risk of serious symptoms including encephalopathy. It was considered that the lead was actually causing her symptoms, so after ingested lead had been allowed to clear from the intestine she was treated with oral DMSA (had treatment been commenced before the lead had cleared, its absorption would have been enhanced). After treatment, her blood lead fell and subsequent weekly monitoring showed a rebound to 2·3/Lmol/L (47/lg/dL) which was not treated further [current practice (199X) would probably have been to continue treatment until her blood lead was below O·72/lmol/L (15 fLg/dL).] Urinary excretion of lead was 2·3 fLmol/L (4XO fLg/L) at the end of treatment and fell to 0·3 fLmol/L (60 fLg/L) two days after cessation of therapy. She was given iron supplements and attempts were made to ensure her diet contained plenty of calcium and zinc, with a low fat content.
Identification or exposure Blood lead concentrations in the siblings were normal. Had they been raised, some common cause such as paint dust at school or home, toys, cosmetics, medicines or household water would have been likely. In such a case, testing the parents would provide further clues. Environmental investigation indicated that the source of lead was the plaster in the house, and a recommendation was made that the family should be rehoused. Attempts to persuade the family to reduce the exposure in the interim by sending the child to her grandmother were unsuccessful.
THALLIUM
This element has an atomic mass of 204·59 and so is truly 'heavy', binding readily to sulphydryl ligands. Its salts arc colourless, odourless and tasteless, as well as quite soluble in water, so that they easily pass undetected. They are exceedingly poisonous. Ingestion of more than 10-15 rug/kg can be lethal. Thalli um achieved notoriety at the hands of the St Albans poisoner." In past times, thallium had a variety of medical applications, including the treatment of scalp ringworm. Such use has been banned in the UK since 1940. but thallium is still used as a rodenticide in some parts of the world. Thallium isotopes are used in clinical imaging. Industrial Investigation 01' heavy me/Ill poisoning 283 uses, including the manufacture of optical glass, semiconductors, low-temperature thermometers and switches, catalytic processes and green fireworks are closely regulated by licensing. Poisoning is generally the result of ingestion, but cases due to inhalation of dusts, fumes from smelting, skin absorption and even from sniffing contaminated cocaine have been reported."? IIlI
Toxicokinetics
During the first few hours after ingestion thallium is distributed throughout the vascular space. Thereafter, up to about 48 h, it enters the central nervous system (eNS) and other tissues. Because thallium closely resembles potassium in ionic size and charge, its distribution volume is large. Elimination commences after about 24 h. Approximately two-thirds of ingested thallium is secreted into the intestine, from which significant reabsorption occurs. The remaining one-third is excreted in urine. The elimination half-life may be up to 30 days, but can be reduced to as little as two days depending on the therapeutic intervention. The pattern is at least biphasic, with a slow final stage.l'"
The toxicity of thallium depends on its ability to combine with sulphydryl groups of molecules in mitochondrial membrane and neuronal axons, and on its similarity to potassium, with which it can exchange and compete to cause considerable disruption of fundamental cellular metabolism. For example, it has a ten-times greater affinity for membrane Na +,K + -A TPase than docs potassium and alters the pK adversely.l'" Thallium has also been reported to form insoluble intracellular complexes with riboflavin, which may account for symptoms mimicking deficiency of this vitamin (alopecia, dermatitis, neuropathv).'?'
Clinical manifestations
These arc summarized in Table 7 . The most characteristic feature is the hair loss which usually occurs 2-3 weeks after the exposure.
Laboratory investigation
Initially, plasma electrolytes, renal function tests and full blood count may be quite normal. Measurement of thallium in urine and/or blood is necessary to confirm the diagnosis (see Table  8 ). Urinary concentrations are about ten-times greater than those in blood and since larger volumes are available, more can be extracted, so that better analytical performance can be achieved, c.g., between-run relative SDs For occupational monitoring, random urine samples are collected at the end of the working week to assess the internal dose, or after the weekend to assess the body burden. All samples are collected before the shift, to avoid contamination. Monitoring thallium exposure is important, because its long elimination time makes it, in effect, a cumulative poison.
Therapy
In the first 48 h after ingestion charcoal haemoperfusion or plasma exchange can reduce the amount of thallium available for the second, distribution, phase. Chelating agents are either not effective for elimination of thallium, or (e.g., in the case of sodium dithiocarbamate) will chelate the clement but redistribute it to other tissues, particularly the CNS. However, because of the resemblance to potassium, there is a T AIlLE 8. Thallium reference values Reference interval specific antidote. Oral potassium ferrihcxacyanoferrate (Prussian blue, Berlin blue) is not absorbed from the gut. It sequesters thallous ions secreted into the intestine, by exchange with potassium ions from the molecular lattice, thus preventing the enteral recirculation of thallium. Concurrent intravenous infusion of potassium may help 'flush' thallous ions from tissue compartments, but given too early in treatment can accentuate intracellular thallium uptake. Treatment for long periods (months) may be required before thallium concentrations in blood and urine fall to acceptable values and complications such as sepsis, cardiac arrhythmias or respiratory failure can arise. Recovery from the neurological symptoms takes even longer and depends on good physiotherapy; full recovery of function may never be achieved. Case history 2: thallium poisoning Moore et al. described two cases or deliberate thallium poisoning.'!" In the first patient, the symptoms commenced within 10min of ingestion and were mistaken for myocardial infarction, gallstones or pancreatitis. In the second, serious symptoms resembling gastroenteritis developed within I h. In both patients severe deterioration continued during the next 10 days, with loss of walking ability and development of hair loss suggesting the correct diagnosis. This was confirmed by thallium measurements and the patients were flown to a specialist Medical Toxicology Unit for treatment including psychotherapy and physiotherapy,
MERCURY
The most widely occurring mercury ore is cinnabar, or red mercuric sulphide, When ground, it yields vermilion, which has been much used in embalming. Five thousand years ago, it was used to preserve bones found in Dolmen tombs at La Velilla in Spain and this is believed to be the earliest recorded use of mercury as an antibacterial agent.'!" Mercury compounds have since been used to treat many medical conditions. The death of Paganini may have been hastened by chronic mercury poisoning from the treatment he received for supposed syphilis and excessive use of laxatives containing calomel (mercurous chloridej.l'" Until 1953, the use of calomel in ointments for nappy rash and in teething powders Icd to the admission of many children to hospital for mercury poisoning (Pink diseasej.!"? In 1978, when Yeh et al. described a fatal poisoning due to mercurochrome antiseptic used for a baby with a large omphalocoele, they reviewed 13 similar cases in the literature.l'" In 1984, Laundy et al. described a fatal case of mercury poisoning resulting from irrigation of the peritoneal cavity with mercuric chloride after surgery for an ovarian tumour and reviewed ten similar cases from the literature. lOY
Mercury is one of the three major environmental metal poisons; as with lead, attention is currently focused on the risk of subtle damage caused by exposure to concentrations below those associated with detectable clinical effects. In particular. this concern relates to the degree and effects of exposure from dental amalgam. This matter has generated widespread concern and requests for mercury measurements by anxious patients.
Of the three classes of organic mercury, all have been used in agriculture and medicine. Alkyl compounds are by far the most toxic. Inorganic mercury compounds are classified according to their oxidation state (.I'('e Table 9 ). The different mercury species are linked through the environment in a complex and fascinating cycle. Elemental mercury is the principal Investigation of' heavy metal poisoning 285 atmospheric form. About half is generated from fossil fuels, mines, metal refineries, waste incinerators and crematoria, and the rest arises naturally through degassing of the earth's crust. Atmospheric mercury is oxidized to soluble divalent mercury and returns slowly to the earth in rainwater, having become distributed worldwide. In surface waters and sediments, divalent mercury can be reduced again, or methylated by micro-organisms to the highly toxic methylmercury. The half-life of this compound in fish is long and the bioaccumulation factor from water to edible fish can be more than 10 7. Environmental methlymercury is therefore of concern in populations which depend on fish consumption,llo.111 in which, although overt clinical symptoms have not been detected, concentrations of methylmercury in urine and blood overlap those found in people affected by accidental environmental contamination. One such disaster was the release into Minnamata Bay of waste methylmercury from an acetaldehyde plant during the 1950s.11 2 Other outbreaks of methylmercury poisoning occurred during the late 1960s, the most serious being in Iraq, where fungicide-treated wheat was used for food. Over 6000 people were affected and at least 600 died. Currently, there is evidence that mercury is accumulating in river sediments, farm animals and people living alongside rivers which drain gold mining sites in Brazil.' 13 Isolated poisonings are more likely to be caused by elemental or inorganic mercury. The metal is physically attractive and there are many recorded examples of children playing with it to the detriment of the whole family. Children occasionally swallow small photographic or hearing aid batteries which may contain as much as a gram of mercuric oxide. These often pass through the body unbroken, but must be monitored, because if the battery lodges in the stomach, acid disintegration of the casing can lead to serious poisoning. Mant et al. describe a 2-year-old child who needed two laparotomies to remove the battery and treat subsequent adhesions.'!? Other important but occasional causes of mercury poisoning include ethnic remedies dispensed by Indian Hakim 115,116 and cosmetics such as skin-lightening soaps containing mercuric iodide, which are banned in the European Community but available in other parts of the world.117.118 Poisoning has also been reported from mercury vapour released when fluorescent light bulbs are crushed.'!" and from the use of mercury in magical-religious ceremonies.F? 
Toxicokinetics
Inorganic mercury's'
At least 80% of elemental mercury (Hg IJ) inhaled as vapour is absorbed. Curiously, prior ingestion of alcohol can reduce this to 50%, because it inhibits oxidation of HgIJ to Hg(lI) by catalase and hydrogen peroxide in erythrocytes. Absorption of the metal from the gastrointestinal tract is poor. About 10% of the Hg IJ absorbed is distributed to the brain, and about 10% to the blood: most accumulates in the kidney. Excretion occurs equally in urine and faeces, with a small amount being exhaled. The half-lives in the blood (3 days) and brain (20 days) arc shorter than in the whole body (58 days). Elemental mercury crosses the placenta freely. Only 10-15% of ingested Hg(lI) is absorbed. The half-life (48 days) in the body is longer than that for Hgo. Hg(l) is less well absorbed. In the body, both Hgo and Hg(I) are oxidized to Hg(II). In this oxidation state mercury is highly reactive and can disrupt membranes, combine with sulphydryl groups to inhibit enzymes and damage DNA. This may prove to be the common mechanism for the toxic effects of all mercury species; apparent variations only reflecting differences in absorption and distribution. The kidney is the target organ for Hg(II), which becomes concentrated in the proximal renal tubules as various solutes are reabsorbed from the glomerular filtrate. It causes severe damage to the brush border membranes, with mitochondrial and lysosomal damage, particularly on the S3 segment of the proximal tubules. Selenium in the kidney can combine with mercury to form crystalloid inclusion bodies, and MT is induced by mercury. These mechanisms may be protective.F? After recovery from the acute effects of poisoning, mercury may be detectable microscopically within tissues for many years.
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Organic mercury
In contrast, about 90% of most organic mercury compounds is absorbed from the intestine, and phenylmercury is also absorbed through the skin. Fig. 5 shows the inter-relationship of mercury species. Much is known about organic (particularly methyl) mercury from studies conducted in the wake of environmental accidents. This has been well reviewed by Clarkson. 123 Methylmercury takes about 30 h to equilibrate in the blood compartment and rather longer in the brain. Equilibration with tissues occurs more rapidly than excretion so that ratios of methylmercury concentrations between tissues remain constant. In primates, probably including humans, the ratio between brain (the target organ) and blood mercury concentrations is 5: L higher than that in other species. The hair:blood ratio is about 250: I. Blood and hair measurements can therefore be used to estimate internal dose to the critical organ. Both have been used to establish thresholds for the onset of various symptoms.
Although most textbooks state that methylmercury enters the brain and cells because it is lipid-soluble, only the chloride (CH,HgCI) is lipophilic. Other derivatives form hydrophilic compounds through thiol groups in proteins and amino acids. Recent studies suggest that methylmercury, when combined with cysteine, has a structure which resembles methionine and enters brain and other cells via the neutral amino acid carrier. Other studies in rats have shown that intracellular methylmercury, complexed with glutathione, leaves hepatocytes via the glutathione carrier and is secreted into the bile. Reabsorption of the complex occurs in the gall bladder and intestine, but any organic mercury reaching the lower intestine is demethylated by bacteria to Hg(II). The central nervous system is the target organ for methylmercury toxicity and, in adults. the visual cortex and granular layer of the cerebellum arc particularly vulnerable. Methylmercury crosses the placenta freely and has devastating effects on the foetal bruin. The critical effect is inhibition of the polymerization of microtubulcs. a process essential for the cell division and neuronal migration crucial to normal development of the foetal brain. Effects in hoth adults and foetuses arc dose-related, hut the foetus is 5 10 times more sensitive,
In recent years it has been suggested that a number of illnesses with poorly defined symptoms, such as multiple sclerosis and Alzheimer's disease, arc related to mercury released from amalgam tillings.I~~Studies measuring mercury in oral air and eluates from various types of amalgam in vitro haw indeed shown that mercury is released from these fillings. Estimates of the mean amounts released vary hut arc up to 20llg per day, according to the amalgam type and number of surfaces (World Health Organization recommended maximum intake in adults is 45 flg/d ayI25) . The amount released is increased after insertion or removal, by chewing gum and grinding the teeth. 1 : 26. 127 Blood and urine mercury concentrations are higher in subjects with amalgam fillings and indicate that after fish, these are the main source of mercury in the general population.F" One study of tissue mercury in autopsy samples from patients with multiple sclerosis showed less mercury in the brain than in control samples.!" while Fung et at. showed no differences in blood or brain mercury concentrations, or mercury:selenium ratios in patients with Alzheimer's disease in comparison with controls. DO. 1.1 I However, it must be emphasized that: (a) the amounts of mercury released and absorbed are small; (b) blood and urine concentrations generally found are considerably lower than the maximum limits currently accepted as safe for occupationally exposed people; (e) these limits may not necessarily be relevant if newer toxic effects are under consideration; (d) analytical methods in general use cold vapour atomic absorption and may not be sufficiently sensitive unless they include a prior concentration step; and (d) good control groups are difficult to establish for such studies. The possible harmful effects of mercury from amalgam have recently been comprehensively reviewed by Eley. IJ2 The final conclusion remains uncertain, but it seems likely that a few people with corroded fillings may develop blood or urine mercury concentrations comparable with occupational limits and some who have certain oral conditions may benefit from replacement of amalgam fillings.P' An even smaller group of people, in whom the smallest trace of mercury, (e.g., in fillings, shampoos, contact lens fluids) may lead to contact dermatitis, gingivitis or oral lichen planus, suffer from true hypersensitivity to mercury, which can be confirmed by patch testing. 134.135 Mercury affects haem synthesis in renal tissue leading to porphyrinuria. One group in the USA, \36 in a study of dentists exposed to significant amounts of mercury in their surgeries, has shown a correlation between urinary coproporphyrin, behavioural deficits and mercury excretion after a test dose of DMPS. In vitro studies with various blood cells reveal a host of toxic effects of mercury, including increased numbers of chromatid breaks, micro-Alin Clin Biochem 1999: 36 nuclei formation, reductions in B cell proliferation and immunoglobulin synthesis.':" 140 Other studies have failed to demonstrate differences in circulating antibodies, or complement components, at least at low exposure.':"
Clinical manifestations
Exposure to high concentrations of mercury vapour affects primarily the lungs, causing pleuritic pain and shortness of breath, and also fever, lethargy, nausea, vomiting and blurring of the vision, within hours of exposure. The lungs show bronchiolitis with interstitial infiltrates, and pulmonary function tests indicate restrictive changes with reduced diffusion capacity. Levin et at. reported four young men who attempted to purify South American gold at home using mercury. 142 Their urinary excretions of mercury ranged from 0·852·50 llmol/24 h (170 500 flg/ 24 h) on presentation. One suffered a cough and shortness of breath, two required hospitalization for treatment with penicillamine and one needed intensive care. Less severe exposure to mercury vapour affects the brain and nervous system. Symptoms include excessive shyness, intolerance, irritability, gingivitis, paraesthesiae (all occurring early), salivation, metallic taste. stomatitis, tremor, marked weight loss, memory loss, myalgia, muscle spasms, arthralgias. night sweats, insomnia and hallucinations. The term 'erethism' was first coined by Pearson in 1805 to describe all these effects.":' but now is used to refer only to the early group. The non-specificity of these clinical features and their insidious, delayed appearance means that the diagnosis may be missed unless a careful history is taken. They may continue to increase in severity even after exposure has ceased.
Metallic mercury has been injected directly into tissues or veins, by accident from catheter tips or during arterial gas sampling, and sometimes intentionally.!" 14(, Mercury occludes small capillaries. and causes pleuritic pain, emboli and transient ischaemia as presenting features. Sometimes sterile abscesses form which exude droplets of mercury and, rarely, the resulting inflammation can provoke more widespread distribution of mercury and systemic poisoning. Mercury persists in the body for many years, giving a speckled appearance to radiographs. Ingested metallic mercury (e.g., from broken clinical thermometers) may pass through the intestine uneventfully or become entrapped leading to complications such as fistulae. 147
Mercuric chloride (corrosive sublimate) is exceedingly toxic in all metabolic systems. Ingested in large quantities it causes severe necrosis throughout the gastrointestinal tract, with cardiovascular shock and acute renal failure. In smaller amounts it may cause patients to present with unexplained loss of weight, diarrhoea, renal failure and neurological signs such as paraesthesia and tremor. 'Acrodynia' or 'Pink disease' is a further syndrome of mercury toxicity, found in certain individuals, which may be caused by stimulation of the sympathetic nervous system. It was formerly associated with the usc of medications containing calomel, but may occur with other types of exposure (see Case history 3). The hands and feet become red, peeling and painful, there is loss of weight, irritability and marked personality change, hypertension, excessive paroxysmal sweating with photophobia in more severe cases. Some of these effects may be due to increased circulating catccholarnines, and acrodynia has been confused with phacochrornocytorna.!" Methylmercury exhibits an extremely long latent period. The earliest symptoms are paraesthesia, malaise and blurring of the vision. More severe exposure leads to constriction of the visual fields, deafness, dysarthria, ataxia and, finally, mental derangement, coma and death. Exposure in utero results in microcephaly and even more severe brain damage. Many nonalkyl organic mercurials are virtually without toxic effects, except phenylmercury which is converted to Hg(II) and shows similar toxicity. The potential overlap of syndromes caused by the different mercury species is shown in Fig. 5 and is well illustrated in the family described below.
Case history 3: mercury poisoning (McNeil 1'1 al.)14Ã
n 8-year-old boy found some metallic mercury which he took home and spilt. He remained well throughout, but 2 months later, his t4-year old sister presented with painful, discoloured, hot feet. She was agitated and uncooperative, and was found to have raised blood pressure and proteinuria. The father also developed acrodynia with variable proteinuria, but no amino aciduria or glycosuria. The mother had had a transient rash initially and amino aciduria at the time of diagnosis; about 3 weeks later she developed oedema with 109 proteinuria per day. All members of the family had a complete recovery, including the sister whose 'difficult'
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behaviour (characteristic of erethism) improved dramatically as her mercury level declined.
Laboratory investigations
The diagnosis of mercury poisoning is based on demonstrating concentrations higher than the limits shown in Table 10 for either whole blood or urine (early morning or 24 h collection). Urine is easier to measure although there may be problems from skin contamination, mercurial preservatives in disposable equipment and losses due to adsorption or diffusion if stored in polythene containers. Also, because of effects of mercury on mood and personality, urine collections may be unreliable for monitoring therapy and blood samples are preferable. Hair analysis is seldom of value in individual cases, unless it is important to estimate the pattern of exposure with time. It is analytically possible to measure total and inorganic mercury separately in blood or urine and this is occasionally helpful. Mercury excretion after a test dose of the chelating agent DMPS may reflect the body burden better than basal excretion, but has not found wide application. Urinary mercury reflects exposure during the previous 2 3 months; blood mercury with its shorter half-life reflects exposure in the preceding week. Either may be used for occupational monitoring, depending on the task. Measurement of urinary coproporphyrin is not generally of diagnostic value. In patients presenting with fever following acute exposure to high levels of HgO, measurement of blood gases will reveal hypoxaemia: following acute ingestion of Hg(lI) salts there may be signs of developing cardiovascular collapse and acute renal failure. With lesser ingestion, renal failure may be the presenting feature. Otherwise, 'routine' biochemical tests arc likely to be normal although increased serum bilirubin and alanine aminotransferase have been reported in individuals with prolonged high exposure to mercury compounds. Amino aciduria, glycosuria and phosphaturia mayor may not be present and there may be increased excretion of tubular proteins. Urine should be tested for protein in case a nephrotic picture develops, in which case the serum albumin will also decline.
Therapy
In the past dimercaprol and later oral penicillamine have been used as chelating agents to treat poisoning from all mercury species. The new oral agent DMPS is proving more effective in eliminating mercury and can reduce the half-life to about 11 days.150.151 The need for treatment can be difficult to assess; the value of early treatment, the risk of progression and late onset of symptoms must be balanced against wide individual susceptibility. Patients with injected mercury metal are monitored using blood mercury concentration and tests of renal function. Recovery from acute poisoning may be complete.
ARSENIC
After lead and mercury, arsenic is the third major environmental poison. Like them it occurs naturally in the environment; contamination of groundwater with inorganic arsenic (in Taiwan, northern Chile and most recently in West Bengal) gives rise to endemic arseniasis.P? 154 Man's activities in smelting gold, copper and zinc, and making pesticides and fertilizers, have caused pollution with arsenic as well as with lead and mercury, and like these metals arsenic has frequently been used in Western medicine; Fowler's solution of 1% arsenic trioxide was formerly used for treating leukaemia, psoriasis and asthma, and as a tonic. The use of inorganic arsenical preparations is no longer recommended. Like lead and mercury, the use of arsenic in Ayurvedic medicines dispensed by unqualified Hakims is continuing to give rise to reports of sporadic poisonings. These are worrying particularly because the number reported probably understates the problem. I 15
Toxicokinetics
Ingested inorganic salts are well absorbed, depending on their solubility and other dietary Ann Clin Biochem 1999: 36
factors. More soluble salts may also be absorbed following inhalation and through the skin. Organic arsenic compounds are almost completely absorbed. In the body, arsenic is distributed rapidly to lungs, liver, kidney and spleen, after which it is redistributed to the skin, nails and hair, where it binds tightly to keratin. The halflife varies with the tissue, being longest in the skin and lungs. The kinetics of excretion, through the kidneys, suggests a three-compartment model. 155 Arsenic exists as a number of species and oxidation states having marked differences in toxicity:
Arsine: AsH, Arsine, the gaseous hydride, is rapidly absorbed through the lungs and acts by disrupting erythrocyte sodium-potassium pumps, causing haemolysis. Arsine is usually liberated accidentally; the best known example being the leakage of a canister of the gas into the hold of a ship, which resulted in eight of the crew being poisoned.P" The most severely affected crew-member presented with a haernatocrit of O%! Arsine poisoning is rare; arsenite is the most important toxic agent. The adverse effects are widespread, particularly affecting the gastrointestinal, cardiovascular and renal systems and, in the longer term, the peripheral and central nervous systems. Arsenic metabolism varies between species; in humans, reduction and methylation take place in the liver to generate much less toxic organic arsenic compounds:
Dimethylarsinic acid
Arsenic excreted in urine consists of IG-15'Yo inorganic arsenic, 10-15% monornethylarsonic acid and 6{}-HO°!., dirnethylarsinic acid. In fish and shellfish there is further metabolism to trirnethylarsinc and other organic species, including arsenobetainc. Arsenobetaine is a stable and non-toxic compound. It is rapidly absorbed from the human intestine and excreted unchanged in urine.
Inorganic arsenic species are large ligands and some of their toxicity resides in a tendency to combine preferentially with the sulphydryl groups of proteins. In addition, they have certain specific reactions. The arsenite oxyanion has a pyramidal structure, such that it can form a stable ring with the alpha-lipoic acid moiety of pyruvate dehydrogenase, causing inhibition and raised pyruvate concentrations. Because the stereochemical structure of the arsenate oxyanion resembles that of sulphate and phosphate, arsenate can enter mitochondria and compete with phosphate as a substrate to form high energy compounds, but the arsenic analogues are not stable (Fig. 2) and so uncouple oxidative phosphorylation.t " Arsenic can cross the placenta easily and is excreted in breast milk.
Clinical manifestations
Taken acutely, arsenic can cause vormtmg and hacrnorrhagic diarrhoea within minutes, or hours if the poison is taken with food; haernaturia and acute renal failure may follow. If the poisoning takes place over a longer period abdominal pain, facial oedema, upper respiratory tract difficulty and/or obstructive jaundice with hepatomegaly can develop. Over about 3 weeks anorexia and features of neuritis develop (weakness, salivation, trembling, loss of tendon reflexes, impaired cutaneous sensation), sometimes after the arsenic ingestion has stopped.P" Transverse white 'Mccs' lines appear in the nails. Milder poisoning causes similar but milder symptoms. In a 68-year-old man with prolonged exposure to an arsenical insecticide the main features were of persistent neuropathy,
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macrocytosis without anaemia and hyperkeratosis.' jÕ ccupational exposure to arsenic is associated with dermatitis and skin and nasal ulcers, caused by the corrosive action of inorganic salts. There is an increased incidence of peripheral neuropathy, cardiovascular disease, cirrhosis and renal tubular impairment. Those living in areas with contaminated groundwater develop hyperkeratosis, pigmentation and ulcers after 2 or 3 year's exposure. The incidence of cancers of skin, lung and gastrointestinal tract is increased. 160
Laboratory investigation
Arsenic can be measured in whole blood or urine, but the latter is to be preferred. The identification of stable non-toxic arsenic species, such as arsenobetaine, derived from dietary seafood is more difficult than measurement of total arsenic, but their presence can make the confirmation of arsenic poisoning from total arsenic measurements difficult. A single meal of seafood can raise the excretion of total urinary arsenic more than 50 times. If arsenic is measured without prior digestion, inorganic arsenic and the two acids are measured, but arsenobetaine arsenic is not. Some increase in monomethylarsonic and dimethylarsinic acids may arise from the metabolism of other organic species in seafood, e.g., arsenosugars from seaweed.161.162 Seafood should be omitted for 5 days before samples are collected. If this is not possible, information concerning intake is helpful. If the total urinary arsenic is raised an approximate separation into non-toxic organic and toxic inorganic arsenic can be achieved by measuring the arsenic with and without prior digestion. For more rigorous speciation, complex methods based on HPLC to separate the individual forms of arsenic are available in a few centres. Table II shows reference ranges for blood and urine arsenic, Hair analysis is valuable for forensic purposes and in surveying exposed populations.l'" For occupational monitoring, urine should be collected towards the end of the working week.
Therapy
Because of the affinity of inorganic arsenic for sulphydryl groups, chelation with dimercaprol has been used to treat arsenic poisoning. Penicillamine has also been used, but may be less effective at promoting excretion. 161 However, DMPS has been used in several cases, e.g., in two patients who ingested grams of arsenic trioxide, mistaken for a substance of abuse: they made a full recovery.l'" The symptoms of peripheral neuropathy are not always reversible.
ANTIMONY
Antimony has come to prominence during recent years, as a consequence of an hypothesis that a fungus tScropularis brevicaulisi, identified in PVC mattresses used by babies who died of sudden infant death syndrome (SIDS), acted on fire retardant compounds containing antimony, arsenic or phosphorus to form poisonous hydride gases ('Cook Report'. Cot death (poisonings). Central Television, 17 November 1994). This hypothesis was supported by the finding of higher blood antimony concentrations in samples from SIDS babies than in those who had died from other causes.l'" Correspondence in The Lancet and editorials in the British Medical Journal have followed. [166] [167] [168] [169] The original work has been repeated with the inclusion this time of essential control experiments.'?" This has shown that the fungus S. brevicaulis was not present on all the mattresses. Mercuric iodide and silver nitrate test papers (as used in the first study) gave colour responses whenever any bacterial growth occurred, possibly due to the presence of sulphur compounds. No antimony, arsenic or phosphorus could be detected in the mattresses using a variety of methods.
Antimony is used in glass, paint and in the ceramics, printing, explosives and semiconductor industries. Its compounds are used as fire retardants and the sulphide is used in medical scintigraphy. Antimonials are used for treating schistosomiasis (bilharzia) and the more resistant cutaneous and visceral forms of leishmaniasis (kala-azar) and may give rise to toxicity. 
Toxicokinetics
Antimony is in the same group (Va) of the periodic table as arsenic, but is heavier. Its range of chemical forms is similar, as are their properties and biological effects, although the antimonials are slightly less toxic. Following the concerns about antimony in babies, studies on infants' urine have shown a variable but low excretion which is slightly higher in pre-term babies. There was no correlation with urine cotinine, suggesting that tobacco and passive smoking are not an important source of exposure to antimony.'?'
Clinical manifestations
The hydride gas stibine (SbH,) is the most toxic form and causes headache, nausea, vomiting, jaundice and anaemia. Acute exposure to other antimonials affects the skin and causes hair loss and weight loss. Damage to heart, liver and kidney may be found and myocardial infarction is possible. Pentavalent compounds are less toxic than trivalent antimonials and are preferred for therapeutic use. Chronic exposure leads to skin problems, with antimony spots, irritation and dermatitis. 172
Laboratory investigations and therapy
Measurement of antimony in urine is used for occupational monitoring and in EDTA blood samples for therapeutic monitoring or suspected toxicity. Reference val ues are shown in Table 12 . For treatment, the agent of choice would be DMPS but it has proved possible to manage patients who have had blood antimony concentrations as high as 820 nrnol/L (100 /lg/L) following acute exposure without chelation.
BISMUTH
This element has a few industrial uses in pigments, ceramics, and low-melting alloys. As the chelate tripotassium dicitratobisrnuthatc, it has recently become important in the triple therapy against Helicohacter pylori in patients with gastric or duodenal ulcers. It is a wellknown over-the-counter remedy for indigestion and constipation.
Toxicokinetics and clinical manifestations
Bismuth resembles lead and mercury in forming nuclear inclusion bodies in renal cells and, in common with gold and mercury, can cause development of a nephrotic syndrome. In the mid-1970s a number of patients taking very large doses developed an encephalopathy which proved to be reversible. Thomas et al. In showed that some patients absorb considerably more bismuth than others and maintain high blood and urine concentrations, although renal clearance is normally rapid at low blood concentrations. The effect does not seem to be dose-related as some patients with high blood concentrations do not get encephalopathy.
Laboratory investigations and therapy
Bismuth can be measured in blood or urine. Because it is normally rapidly excreted in urine there is a greater risk of higher blood concentrations and consequent problems in patients with renal impairment (see Case history 4). Reference values are shown in Table 12 . When treatment is necessary, a chelating agent can be used.
Case history 4: bismuth poisoning (Playford et al.)174
A patient with poor renal function (creatinine clearance 15 ml.zmin) who was being treated with bismuth developed encephalopathy after taking twice the recommended dose for 2 months. He was given a course of DMPS. Bismuth clearance increased from 0·24 to 2-4 ml.zrnin; after 50 days, blood bismuth concentration had fallen from 4·21 to 0·22/lmol/L (from 880 to 46Ilg/L).
TARl.E 12. Reference valuesfor antimony. bismuth, lin Blood (or serum)
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TIN Tin has uses in the tinplate, container and paint industries and as a stabilizer of plastics. Tin fluoride is used in toothpaste. Inorganic tin salts are seldom toxic, but as with lead, organotin compounds are more toxic. They are widely used as biocides in agriculture and as anti-fouling agents in marine paints. Tributyltin is the best known. Environmental pollution of rivers and estuaries from this source is increasingly recognized as is contamination from factories making the agricultural biocides.!"
Toxicokinetics
Inorganic tin is an inducer of haem oxygenase. However, tin metalloporphyrin inhibits this enzyme and has been tested, as have several other metalloporphyrins, as therapeutic agents in reducing haem conversion to bilirubin in several clinical situations, e.g., Crigler-Najjar syndrome, acute hepatic porphyria and neonatal jaundice.
In the body tetraethyl-and tetramethyltin, like the organic lead equivalents, are dealkylated rapidly to toxic trialkyl derivatives and are then metabolized more slowly to the less toxic di-and mono-derivatives which are less toxic.P Organotin compounds are genotoxic: dibutyltin is the most toxic compound in this respect.
Clinical manifestations
Tin hydride is a neurotoxic gas but, unlike arsine, it does not cause haemolysis, Severe irritation and burning occurs if skin is exposed to organic tin, which may be absorbed and lead to systemic features including anaemia and renal and hepatocellular damage. Triethyltin uncouples oxidative phosphorylation, causing mitochondrial damage, and causes cerebral oedema leading to neurotoxicity. Organotin compounds may stimulate catecholamines leading to hypcrglycaemia, changes in blood pressure and immunotoxicity.F''
Laboratory investigations
Urinary excretion of tin is suitable for monitoring occupational exposure to inorganic tin species, together with haernatological indices. Techniques for the speciation of organic tin using gas chromatography with mass spectrometry are available.!" but measurement of total tin in blood or urine can provide adequate indication of recent exposure. Reference values are shown in Table 12 , although these arc based only on the small number of reports available.
CONCLUSION
The widespread effects of poisoning by metals makes this difficult to identify if exposure is not readily apparent. There are a few presentations which suggest specific elements, for example the characteristic hair loss within thalli urn, the hepatic effects of arsenic and the renal effects of mercury. Much also depends on the degree and duration of exposure. The effects of lead poisoning with low exposure is a matter of major concern. The solution should lie in public health measures to manage the lead content of water supplies and effective abatement procedures to deal with old leaded paint. Nevertheless, children can still present as acute medical emergencies requiring urgent treatment to avoid lead encephalopathy and its long-term sequelae. The importance of taking a careful history, including questions to identify any non-prescribed supplements, cannot be over-emphasized. The possibility that more than one metal may be present should not be overlooked: for example, lead and arsenic can occur on demolition sites, mercury and arsenic in old waste landfill sites, and combinations of features of mercury, lead and arsenic poisoning have been found in patients using Asian rernedies.Uv!?" In addition to poisoning from the metals discussed, new problems are constantly arising: technological developments in medicine may lead to toxicity, in some cases because the body's normal defences are by-passed e.g., aluminium in renal failure and parenteral nutrition, manganese in parenteral nutrition and silicone in breast implants (although the effects of this remain unproven and the silicone compound rather than silicon itself is implicatcd);'"? The newest concern relates to the possible effect of wear debris from metal joint Ann Clin Biochem 1999: 36 prostheses, which have been shown to accumulate in lymph nodes. Nutritional supplements are also potential source of problems: in at least one case, excessive use has been partly responsible for copper overload and liver failure (O'Donoghue, personal communication); the sale of germanium-containing supplements was eventually banned because of the risks of renal toxicity.
